Abstract: A novel electronic sensor system is designed to continuously monitor the dilation of the cervix of a pregnant female approaching labour and delivery. The system is capable of wirelessly transmitting the progress of dilation to a central monitoring agency that can get in touch with the attending physician and/or the hospital of the pregnant female. Using wireless telephony, the monitoring agency and/or the physician can advise the female about the medical care she needs at that moment, even though the female might be at her home or away from home, and away from the medical facility. This is an expanded version of a paper presented at the 3rd IEEE International Workshop on Medical Measurements and Applications, 9-10 May 2008, Ottawa, ON, Canada.
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Introduction
Preterm labour and birth has always been a serious issue that challenges obstetricians. In the developed countries, 60-80% of deaths of infants are caused by preterm births without any congenital anomalies (Goldenberg, 2002) . As a main cause of neonatal mortality and a substantial portion of all birth-related short-and long-term morbidity, many obstetrical studies have been done in preventing preterm birth before the preterm delivery begins.
According to the World Health Organization, a preterm labour is a labour that happens before the 37th week but after the 20th week. Even though a preterm labour does not necessarily lead to a premature delivery, it is responsible for more than half of the preterm births (Goldenberg, 2002) . With existing medical techniques, preterm delivery can be prevented if a preterm labour is detected after the 23rd week in gestation. Therefore, it is important to predict the beginning of preterm labour and to inform obstetricians that their patients are under preterm labour.
Today, advances in obstetrics have considerably eased the process of assessment of the stage of labour. However, it is still difficult to predict the beginning of labour, even for the experienced mothers. For those who may experience preterm labour, the misjudging of the beginning of labour can lead to premature birth because of the lack of professional medical care. Moreover, infections caused by traditional examination may also lead to preterm births. Thus an accurate and sanitary means of predicting the beginning of labour for patients under the risk of preterm labour is urgently needed.
To indicate the beginning of labour, obstetricians use the results of accumulated experience to recognise the symptoms of labour. Most symptoms are related to cervical changes. The cervix is the lower part of the uterus projecting into the vagina. Generally, it is a canal with 2.5-3 cm in diameter and 3-5 cm in length. It is the channel that a baby has to pass through from the uterus into the vagina during delivery. Therefore, symptoms in the cervix during pregnancy can be used to indicate the beginning of labour.
The symptoms that are used as indicators of the beginning of labour nowadays are: the degree of softening of the cervix, frequency of contractions of the pregnant woman, and the degree of dilation of the cervix. The softening of the cervix can be tested by experienced examiners with fingers inserted into the vagina. This is rather a late symptom which takes place after the cervix starts to dilate, and it cannot be tested by the pregnant woman herself. As for the frequency of contractions, the pregnant woman has to pass through the whole contraction phase and count the frequency of all the contractions; which makes it impractical to indicate when labour begins. Fortunately, the cervical dilation is a good indicator of the beginning of labour since it is an important precursor to delivery.
For most women in labour, their cervices dilate from 0 cm (no dilation at all) to 10 cm (full dilation), so that a full-term baby's head (around 10 cm) can come across (Rodriguez and Greenfield, 2004) . After the cervix dilates to 10 cm, the pushing begins and the baby is delivered. Specifically, from no dilation to full dilation, there are three phases. The first phase is called the latent phase, during which the cervix dilates from 0 cm to 4 cm. The other two phases are Active Labour and Transition phase, respectively, with the indicator of cervical diameter as 4-8 cm, and 8-10 cm (Rodriguez and Greenfield, 2004) . Cervical diameter can be defined as the distance across the cervical opening. When the cervix dilates, this diameter increases (van Dessel et al., 1991) . However, for monitoring preterm difficulties, we only need to monitor the first stage of labour because after the first phase, a premature delivery cannot be prevented. Therefore, we need to measure cervical diameter continuously over the range of 0-4 cm. However, current monitoring devices for cervical dilation are all limited to hospital usage and performed by trained examiners. This means that the pregnant woman cannot measure the cervical dilation outside the hospital.
Because of the disadvantages of the current cervical dilation monitoring devices, there is motivation to explore novel solutions to monitoring cervical dilation. The new solution should be able to give accurate information that indicates the progress of labour. Then, when the device detects a certain degree of cervical dilation, this information should trigger an alarm and notify both the pregnant woman and her medical services provider simultaneously. During this process, the pregnant woman should be able to move freely outside the hospital. Furthermore, the final solution should be affordable.
By monitoring the process of cervical dilation, we expect that once the preterm labour begins, the pregnant woman has access to professional medical guidance. We also expect that the accuracy of monitoring can assure the pregnant woman so that she does not need to panic if she notices false indicators of labour not corroborated by dilation of the cervix.
The devices for monitoring cervical dilation should give continuous information and should be reliable. It has been proven that the traditional digital examination of cervical opening is inaccurate since the result is not reproducible even when the examination is carried out by the same clinician. This traditional method only allows the examination intermittently thus the variation of cervical change cannot really be measured (Lucidi et al., 2000) . Therefore, it is desirable to develop a new sensing technology in order to produce and record accurate and continuous results. Further, the final encased system should fit within the acceptable limits of space around the cervix. The accuracy of measurement of cervical dilation is very important. The information on the progress of cervical dilation actually affects the obstetrician's decision. Also accurate clinical data can help research in this area. Thus the estimate and test of accuracy of the system should be important for both clinical practice and research (Chen, 2008) .
An overview of currently available devices for measuring cervical dilation
Several researchers have strived to develop a small, efficient and inexpensive device for measuring cervical dilation. 'Google Patent' was used to search existing patents dealing with measuring cervical dilation, with the key word 'cervical dilation' and 'cervix'. The results are listed below in Table 1 . By an examination of all the patents, we classify them into four categories: digital examination, mechanical measurement, electromagnetic measurement and ultrasonic measurement. The advantages and disadvantages of each category are also summarised below. Most of the devices listed above are not automated and require bed-rest and hospitalisation (Chen, 2008) .
Digital examination
Digital examination is probably the oldest way of cervical examination. It is based on palpation of the cervix by inserting fingers into the vagina to "detect changes in cervical texture such as softening" (American College of Radiology, 2005) . There are three disadvantages of digital examination. First, symptoms such as ripening and softening in cervix actually happen very late in the process of cervical dilation or even too late in some cases to function as a useful indicator. Using these symptoms to indicate cervical dilation might delay the necessary obstetrical intervention during delivery. Second, as a subjective measurement, digital examination cannot guarantee accuracy since the results vary from one examiner to another. In such examination, the same examiner can neither repeat the judgment on the degree of dilation, nor can he or she reliably communicate that degree of dilation to another medical practitioner. Further, this method increases the risk of infection to the uterine cavity, which may cause preterm delivery, as well as causing discomfort to the patient.
Mechanical measurement
The mechanical calipers with graduation at one end and another end extending into cervix testing cervical dilation are developed to replace the digital measurement. Among all the patents listed in Table 1, patents 2 , 3, 4, 6, 7, 8, 10, 11, 12, 13 and 14 , are mechanical measurement devices. Among the first attempts to measure cervical dilation, Fireman's cervimeter (Figure 1 ) is very typical. With two clips attached to the cervix, the caliper extend when the cervix is dilating, and the distance of the extension is measured on a ruler attached to the device. It is possible to improve this device by introducing a potentiometer to the distal ends of the lever arms and eliminating the ruler (Lucidi et al., 2000) .
Figure 1 Friedman's mechanical cervimeter
Source: Lucidi et al. (2000) When the arms separated of the calipers are separated because of the cervical dilation, the voltage applied on the potentiometer changes. The potentiometric device gives the readings directly and the ruler is not needed. Also the lever arms could be shorter, which reduces the weight of the device (Lucidi et al., 2000) . The disadvantage of these devices is the difficulty of placing it in the cervix without causing any cervical distortion.
Electromagnetic measurement
This class of devices is based on the principle of electromagnetic induction. Patent 1 falls into this category. In this patent, a pair of coils forms a transceiver. The coil connected to the signal generator (coil A) will generate a magnetic field. This magnetic field will then induce electric current through the receiving coil (coil B) that is connected to the signal processing system, an amplifier and a visual display. Once the distance between coil A and coil B starts to change, the magnitude of the current received at coil B will be changed. By processing the signal at the receiving end, the distance can be calculated by converting the voltage and displaying it on the visual display. The continuous monitoring feature of electromagnetic measurement makes it distinguished from other measurements, though its accuracy is low. Apart from the distance change, the planes of the induction coils can also cause change in the induced current. It is difficult to keep the planes of the two coils parallel (Lucidi et al., 2000) . Due to this reason, the accuracy of this system is reduced.
Ultrasonic measurement
Ultrasonic measurements are based on estimating the travelling time of an ultrasound signal and thus calculating the distance between two objects based on the velocity of the ultrasound. The first ultrasonic cervimeter only consisted of two transducers as small as 1 mm × 1 mm × 5 mm. The two traducers are attached to the opposite sides of the cervix, one generating the ultrasonic signal and the other receiving it. By computing the transmission time, the distance between the two transducers is calculated. The advantages of ultrasonic devices are:
• the device does not bring discomfort or trauma to the pregnant women
• it has a much higher accuracy compared with the mechanical alternatives.
Ultrasonic measurements can give a maximum error of 3 mm over the range from 2 cm to 10 cm (Lucidi et al., 2000; Cook and Ellwood, 1996) . In measuring cervical dilation, ultrasonic devices, seem perfect at first sight. However, the expensive terminals associated with ultrasonic measurements, limit its usefulness as a clinical device. It is largely used as a research tool. This kind of device also limits the freedom of movement of the pregnant woman. Thus, new solutions still need exploring (Yost et al., 1999) .
The sensor developed for dilation measurement
After examining various techniques for monitoring the cervical dilation we decided on an electronic device because such devices can be made in a small size, can be inexpensive, can be packaged to make them implantable inside the body, and such devices can transmit the data wirelessly to the outside world (Kriewall and Work, 1977; Zador et al., 1976; Sharf et al., 2006) .
In our project, we designed and developed a wireless sensor system for the continuous monitoring of cervical dilation of a female approaching labour and delivery. We designed a sensor that can continuously measure the dilation and transmit this information wirelessly to a transponder worn like a mobile phone or PDA. This transponder can automatically transmit the data on dilation to a remote data-processing agency in contact with the pregnant woman and her doctor and hospital. A schematic diagram of our system is shown in Figure 2 (Chen, 2008) . This sensor will be attached to the cervix of the pregnant female by her doctor. This sensor consists of an electro-mechanical device encased in a non-reactive plastic tube. The sensor stretches as the cervix dilates. A doctor can pull out the whole unit easily when the monitoring is over and the delivery starts. A small 'active' circuit or tag with its own battery is attached to the sensor. This circuit determines the diameter of the dilated cervix and transmits the value of the diameter in centimeters through RF to a small wireless unit carried by the pregnant female like a 'mobile phone' as shown in Figure 2 . This wireless unit is typically worn on a belt or attached to the clothing of the female.
The main component of the electromechanical sensor is a solenoid coil. The self-inductance L of an air-core coil is given by: 
where l is the length of the coil, µ 0 is the permeability of air, a is the radius of the coil and N is its number of turns (Thompson, 1999) . Equation (1) is an empirical formula for calculating the inductance of a single-layer coil. This formula achieves an accuracy of 1% when the length l > 0.8a. Equation (1) clearly shows that if the length l of the coil is changed the self-inductance also changes inversely. Thus, we envision an especially prepared coil attached to the two diametrically opposite sides of the cervical opening for measuring the diameter of the dilating cervix. A simple circuit is designed to convert the change in the inductance L to a voltage V(L). Since the frequency of the cervical dilation is less than 10 Hz, the voltage V(L) is a reliable measure of the length l and hence of the diameter of the cervix. One of the considerations in our design is the fact that the sensor will be implanted around the cervix along with other miniaturised devices. Before dilation, the cervix, on average, is 3 cm long and 2.5 cm wide. This greatly limits the size of the final device. In order to accommodate the device, the space at the end of the vagina with a diameter around 6 cm can be utilised. Meanwhile, the sensing core of our system will still be attached to the cervix in order to sense the cervical dilation. But with the extra room in the vagina, we can actually manufacture a device with a size limited of 6 cm.
Another consideration in the design concerns the mechanical properties of the device. Since the cervix should actually stretch the coil using very little force, the coil should be easily expandable. According to Hooke's law (Hibbeler, 2007) , we have:
where χ is the distance that the coil is elongated, F is the force exerted on the coil and E is the young's modulus of the wire. Therefore, given l and E a coil with a larger area will need less force to be elongated. After various trials and calculations, we fabricated solenoids of outer diameter of 6.35 mm with about 60 turns. We chose a silver based alloy as our material. Silver gives a good ductility to the wire. The material chosen provides excellent fatigue and strength properties and is nontoxic. The solenoids fabricated were 'soft' and required about a little force to stretch. Since the electromechanical sensor is attached to the cervix in the vagina and no wire should be attached from the sensor to the outside the data must be sent wirelessly from the sensor. This data delivery has to be wireless to allow mobility of the patient. Among the many wireless technologies prevailing today, it was decided to use ZigBee-based wireless transceivers.
ZigBee is a wireless transmission protocol implemented on top of the IEEE 802.15.4 radio communication standard. As it is designed for Wireless Personal Area Networks (WPANs), IEEE 802.15.4 differentiates itself by focusing on lower data rate transmission and lower power consumption compared to other wireless data transmission standards. Inheriting these features from IEEE 802.15.4, ZigBee technology is "targeted towards automation and remote control applications" (Ergen, 2004) .
ZigBee has the advantage of being a low-power and low-cost device, though allowable transmission distance is limited to 10-75 m, depending on the environment. The data rate ranges from 20 kbits/s to 250 kbits/s, which is not a high-data rate compared to other peer technologies such as Bluetooth or Ultra Wideband (UWB). ZigBee is used widely in Radio-Frequency (RF) applications that require a low data rate, a long battery life, and a secure network.
In our case, only a short-distance wireless transmission is needed. This transmission does not require a high data rate for two reasons. First, although real-time update of the cervical dilation data is required, a delay of up to 1 min is acceptable. Second, the update interval can be up to 5 min or longer. This is based on the average interval of the cervical dilation during labour, which is counted in minutes (Turon, 2005) . A data rate of 250 kbps can satisfy our requirements of data delivery. Meanwhile, since the final device is sealed and will only be powered once, the power supply has to last until the device is disposed. This requires that the device consume very little power. The features of ZigBee technology such as low-data rate and low-power consumption meet these requirements.
The wireless unit has the ability of automatically dialing the telephone number of a medical data processing agency. The wireless unit does the dialing at a predetermined interval, for example once every several minutes. Once the contact with the data processing agency is established, the unit downloads the cervical dilation data and other information on the female to the data processing agency. The agency checks the progress of the cervical dilation and provides some basic instructions to the female over her mobile phone. If necessary, the agency also gets in touch with the physician and the clinic of the pregnant female. The doctor and the clinic may advise the female as appropriate.
The basic sensor and the wireless transceiver system were assembled in our communications laboratory. The result of an experiment on the behaviour of the sensor is shown in Figure 3 . The horizontal axis of the graph represents the length of the sensor in centimeters. Figure 3 clearly shows that the dc voltage generated by the sensor is inversely proportional to the length of the sensor as it is stretched from its original length of 3-10 cm. In Figure 3 , the straight line without small circles represents the best-fit model obtained through linear regression analysis of the experimental data. Since passive and non-magnetic electromechanical device is used for monitoring the length, there is almost no hysteresis in the observed response of the sensor system.
The information on the length of the sensor was transmitted wirelessly using a commercially available wireless sensor network component called MICA (TM) motes numbered MDA320, MIB510 and MPR2400 made by Crossbow, Inc. to the sensor circuit (Turon, 2005; Crossbow, 2005) . The motes converted the voltage to digital data that was transmitted wirelessly at the frequency of 2.54 GHz to a RF receiver-mote kept several meters away from the sensor. In Figure 4 , we show the value of the data received in the remote receiver. The horizontal axis in Figure 4 shows time in seconds and the vertical axis represents the voltage output of the sensor. The length measured by the sensor was varied manually and randomly during the observation period. The wireless unit should be designed with the capability of automatically dialing the telephone number of a medical data processing agency, such as Matria (TM) in Atlanta, GA (Verma et al., 2008) . The dialing is done at a predetermined interval, say, every 20 min. Once the contact with the data processing agency is established the unit downloads the cervical dilation data and other information on the female to the data processing agency. The dialing interval can be remotely adjusted as required for medical reasons. The agency checks the progress of the cervical dilation and provides some basic instructions to the female over her mobile phone. If necessary, the agency also gets in touch with the doctor and the clinic of the pregnant female. The doctor and the clinic may then advise the female as appropriate.
The authors note that some studies have related wireless transmission, such as the use of a mobile phone close to the brain, to a potentially higher incidence of brain tumour. Although within the context of this research no specific theoretical or practical studies/measurements have been carried out, we believe that there will be no adverse impact due to the use of the wireless technology on the health of the fetus. The reasons are based on the following two factors. First, the wireless signal in our case will have an en extremely low level of power because it has to travel a distance of only one or two feet, as opposed to several miles in the case of mobile telephony. Second, the frequency of transmission in our case can be controlled so that the wireless signal is transmitted every few minutes as opposed to on a continuous basis in the case of mobile telephony. Taken together, both these factors should mitigate the adverse impact of the device on the fetus.
